Metamorphic proteins like Lymphotactin are a notable exception of the empirical principle that structured natural proteins possess a unique three dimensional structure. In particular, the human chemokine lymphotactin protein (Ltn) exists in two distinct conformations (one monomeric and one dimeric) under physiological conditions. In this work we use a C α Gō model to show how this very peculiar behavior can be reproduced. From the study of the thermodynamics and of the kinetics we characterize the interconversion mechanism. In particular, this takes place through the docking of the two chains living in a third monomeric, partially unfolded, state which shows a residual structure involving a set of local contacts common to the two native conformations. The main feature of two-fold proteins appears to be the sharing of a common set of local contacts between the two distinct folds as confirmed by the study of two designed two-fold proteins. Metamorphic proteins may be more common than expected.
I. INTRODUCTION
It has been recently shown the existence of few proteins with two stable native folds [1] .
In particular, the human chemokine lymphotactin protein (Ltn) studied by Tuinstra et al.
populates two well-defined conformations under physiological conditions [2, 3, 4] . One is a monomeric three-stranded β-sheet ending with an α-helix at the C terminal (Ltn10). The second is a dimeric β-sheet conformation (Ltn40). The two structures are very dissimilar so as their biological function, which is to bind to glycosaminoglycans and to activate the Ltn XCR1 receptor respectively.
The experimental observation of the presence of two distinct folds encoded in a single sequence, challenges the accepted vision of protein folding [5, 6] . In particular, are these proteins an exception to Anfinsen's paradigm or are they more common than expected?
How can we explain this behavior in the current protein folding framework? We know that evolution moulds the rough energy landscape of a sequence leading a protein into a smoothed energy funnel removing most of the energetic contradictions [7, 8] . In the Ltn case, unlike in domain swapping proteins [9, 10] , the interactions that stabilize the homodimer are not borrowed from the single monomer chains. There rather exists two distinct sets of contacts for the monomeric and the dimeric conformations each stabilizing its respective structure.
What is then the strategy adopted by evolution to deal with the larger frustration of this 59-residues sequence still able to reversibly interconvert between two different functional folds?
In the present work, a computational model is used to shed light on these questions.
The study of protein folding is classically based on the assumption that the native fold is unique and that this conformation is the only one minimizing the energetic contradictions.
One simple implementation of this principle of minimum frustration is the Gō model [11] .
In such a model the potential is suggested by the native structure since only the native contacts contribute favorably to the energy of the system leading the native conformation to a global energy minimum. The Gō model has been successfully used in different flavors to shed light on protein folding [12, 13, 14, 15] , dimerization [16] and aggregation [17, 18] .
Here we show, for the specific case of the Ltn10 -Ltn40 interconversion, that it is sufficient to merge the two sets of native contacts of the two distinct folds into a pool of equally weighted contacts in order to successfully reproduce the equilibrium population of the two 2 folds. The fact that such a naive extension of the Gō model still works is not trivial since merging different sets of native contacts introduces frustration in the system. In general, not all the contacts can be satisfied by the same structure and moreover new energy minima may appear, leading to an ensemble of misfolded conformations. Nonetheless we observe a clear transition between the two folds in a precise range of temperature and monomers concentration. We reproduce the experimental situation where both native structures exist with equal probability and calculate the free energy of the system. On this surface, the denatured state displays peculiar features, quite different from those of two-state folders.
Analyzing this state both structurally and by means of a large number of kinetics runs connecting the two native folds, we suggest what is the mechanism of interconversion of Ltn10 monomers into Ltn40 homodimer.
To investigate if the possibility to host two native conformations is universal or is a property of specific proteins we designed two putative two-fold proteins. Observing that the interconversion Ltn10 -Ltn40 takes place through conformations characterized by a core of conserved common contacts we merged the contacts of Ltn40 with either the native contacts of src-SH3 or the contacts of Dendroaspin. Both proteins have the same length of a single Ltn chain but show different folds. We chose the src-SH3 because it partially shares the core of common contacts present in both Ltn folds while Dendroaspin has a completely different set of native contacts. While in the first case this new protein still exhibits a twofold behavior in the second case the system does not show any stable structure. The main feature of two-fold proteins appears to be the sharing of a common set of local contacts between the two folds.
These results not only clarify why merging the native contacts of two distinct fold worked in the Ltn10 -Ltn40 case but also point, more generally, to a simple strategy evolution can have adopted to confer proteins multiple folds and functions. Metamorphic proteins may not be as rare as it currently seems [1] .
II. MATERIALS AND METHODS
Lymphotactin shows two distinct native conformations. In fact, two 59 residues monomers (Ltn10) made of three β-strands and an α-helix can interconvert into a homodimer (Ltn40) where each monomer is a four strands β-sheet. Notably, the two states 3 are stabilized by a different set of native contacts. In our model Ltn10 shows 146 native contacts per monomer while the dimer fold Ltn40 has 372 native contacts coming from 125 tertiary contacts within each monomer and 122 quaternary contacts corresponding to the interface. Only 38 tertiary contacts are common between the two folds. These interactions involve the disulphide bond between Cys 11 and Cys 48 and a set of contacts between β1 and β3. Moreover the homodimer exhibits a set of quaternary native contacts [4] . As a consequence, Ltn40 is energetically favored with respect to Ltn10 while being entropically discouraged. Having defined these two distinct sets of native contacts, we introduced a Gō potential given by the union of the two sets [19] that can be formally written as:
where the contacts in common between the monomers Ltn10 and the dimer Ltn40 are counted only once and where each contact has the same weight . We chose a Cα coarse grained description of the protein to keep the description as simple as possible.
The simulations are performed using the GROMACS package [20] merging the topologies of the two proteins (pdb code: 2HDM, 2JP1) [2, 4] resulting from the Onuchic' structure based potential software [12, 21] . The distance between two consecutive Cα was kept fixed using the LINCS algorithm [22] while the disulphide bond between Cys 11 and Cys 48 of both monomers is implemented with a restraining potential that is zero when the respective Cα are within the distance range [r Ltn40 ; r Ltn10 ] and that is harmonic outside this interval.
We performed two parallel tempering [23] We simulated 100 trajectories, starting from two monomers, which were stopped once the protein finds its dimeric fold, for a total of 10 9 steps. These simulations were done at T = 1 and with a concentration of 0.06mM.
To study to what extent the two-fold behavior of Lymphotactin proceeds from its particular native structure we generated two putative two-fold proteins by merging the native contacts of the dimer Ltn40 conformation with either the src-SH3 (pdb code 1FMK) or Dendroaspin (pdb code 1DRS). These two new proteins were simulated at a concentration of 0.46mM for two different temperatures T = 1 and T = 1.04 and for 10 9 steps each.
In order to study the interconversion between the two known folds of Lymphotactin we reconstruct the free energy surface (FES) along the following set of reaction coordinates.
The two RMSD with respect to the native structure of Ltn10 (called RMSD-monomer) and the two RMSD with respect to each single chain of Ltn40 (RMSD-dimer) allow to distinguish the two tertiary conformations for the two chains. The ratio
and maximum distance between the two chains is then chosen as a fifth reaction coordinate in order to study the docking between the two monomers.
To compare the different structures on a coarse-grained contact level, we also use the fraction of formed native contacts q grouped in four disjoint sets. In particular, q monomer is calculated counting the 108 native contacts specific to the Ltn10 monomeric conformation, similarly q dimer counts the fraction of the 87 native contacts specific to a single chain in the dimeric Ltn40 conformation, q common groups the 38 common native contacts between Ltn10 and Ltn40 structures and q if ace accounts for the 122 quaternary native contacts of the dimeric interface. We indicate with Q x the average of q x over a set of conformations. effects of charged ions one should add an electrostatic potential. As a consequence it is not unexpected that our model designed to focus on the topological and energetic factors, cannot reproduce this behavior.
So far the C state can be interpreted as the denatured state from which the protein can either fall in the dimeric or the monomeric state. The presence of residual structure in the C state could help us shed light on the underlying mechanism of the interconversion. Adopting the Ltn10 and Ltn40 conformations as references, we defined the average fraction of native contacts Q present in a set of conformations using four disjoint sets of native contacts. The grouping is done according to the specific presence of a native contact in only the Ltn10 fold (Q monomer ), only the Ltn40 conformation (Q dimer ) or in both structures (Q common ).
A fourth parameter accounts for the fraction of native contacts of the dimeric interface Q if ace (see Methods). The results are reported in I. Interestingly, the third state C appears to be a monomeric state sharing a small number of native contacts specific to the Ltn10 conformation (low Q monomer ) while showing a Q common similar to both the conformations of states A and B and a sensible preference towards the tertiary structure of the Ltn40 fold.
In fact half of the specific native contacts of the dimeric conformation are already present in the C state. In general, all three states keep the core of common native contacts mostly formed (Q common ≈ 0.7). This analysis suggests us how evolution coped with the energetic frustration due to the presence of the two encoded folds in the Ltn sequence. On one hand a core of local contacts is conserved among the two folds reducing the accessible conformational space. On the other hand the non-local contacts are as different as possible giving rise to mutually exclusive secondary, tertiary and eventually quaternary structure leading to dimerization. This scheme would suggest that mixing the native contacts of two distinct folds sharing only a common set of local contacts would lead to the same results. On the contrary, merging the contacts of two proteins without this constraint could lead to a highly frustrated system without any defined stable structure. To support this thesis we designed two putative two-fold proteins.
We merged the contacts of Ltn40 with either the native contacts of src-SH3 or the contacts of Dendroaspin. These two latter proteins have the same length of a single Ltn chain while exhibiting a different native structure. We chose the src-SH3 because it partially shares the core of common contacts present in both Ltn folds as it clearly emerge comparing the contact maps shown in 4(a) and (b). On the contrary, Dendroaspin has a completely different set of native contacts as can be seen from 4(c). To be noted that the interconversion from Ltn40 to both src-SH3 and Dendroaspin would be prevented by the presence of the disulphide bond between Cys 11 and Cys 48 since these residues are far apart in these two proteins. For this reason, the bond was removed without relevant consequences for the Ltn interconversion mechanism (data not shown). The two new proteins were simulated at both T=1 and 1.04
and at a concentration of 0.64mM. The Ltn40 -SH3 protein keeps half of the common contacts of Ltn40 -Ltn10 while substitutes the 108 specific contacts of Ltn10 with 150 src-SH3 specific contacts. Interestingly this new protein still exhibits a two-fold behavior, with a dimeric Ltn40 free energy minimum, a monomeric src-SH3 state and a third state in between. In the second case, the Ltn40 -DRS protein has only 7 common contacts with the Ltn40 -Ltn10 system while the Dendroaspin conformation is characterized by 147 specific contacts. In this case the protein does not show any stable structure neither at the low nor at the high temperature. The presence of a set of local contacts conserved between two distinct folds seems to be the ingredient to build a two-fold protein.
The Ltn interconversion example can be viewed as a double basins system as in the case of proteins with large scale conformational changes but where the transition adds a new biological function. The latter systems have already been studied in a multiple basin energy landscape perspective [24, 25] . From our study it emerges that two different folds can be easily accommodated in a single sequence provided some constraints are met. As a consequence, our model suggest that if these metamorphic proteins are rare it is not for the complexity of merging different folds on a sequence but the answer is probably to be found in an evolutionary basis.
IV. CONCLUSIONS
Lymphotactin exists in equilibrium in two distinct native structures. By means of a structurally based model we have shown that at the core of the interconversion mechanism lies a set of conserved local contacts. In fact, the switching between the monomeric and the dimeric conformations takes place through a third partially unfolded state in which only the common contacts are stably formed. These metastable conformations find each others and dock leading to the folded Ltn40 homodimer after rearrangements. The two-fold feature can be reproduced by a designed protein as long as a core of local contacts is conserved. This suggests a simple strategy evolution can have adopted to confer natural proteins multiple folds and functions. 
